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ABSTRACT
Using X-ray monitoring observations with the All Sky Monitor (ASM) on
board the Rossi X-ray Timing Explorer (RXTE) and the Burst Alert Telescope
(BAT) on board the Swift, we are able to study the spectral state transitions
occurred in about 20 bright persistent and transient black hole and neutron star
binaries. We have confirmed that there is a correlation between the X-ray lumi-
nosity corresponding to the hard-to-soft transition and the X-ray luminosity of
the following soft state. This correlation holds over a luminosity range spanning
by two orders of magnitude, with no indication of a flux saturation or cut-off. We
have also found that the transition luminosity correlates with the rate of increase
in the X-ray luminosity during the rising phase of an outburst or flare, implying
that the origin of the variation of the transition luminosity is associated with
non-stationary accretion in both transient sources and persistent sources. The
correlation between the luminosity corresponding to the end of the soft-to-hard
transition and the peak luminosity of the preceding soft state is found insignif-
icant. The results suggest that the hysteresis effect of spectral state transitions
is primarily driven by non-stationary accretion when the mass accretion rate in-
creases rather than the mass accretion rate decreases. Our results also imply that
Galactic X-ray binaries can reach more luminous hard states during outbursts
of higher luminosities and of similar rise time scales as those observed. Based
on the correlations, we speculate that bright hard state beyond the Eddington
luminosity will be observed in Galactic binaries in the next century. We also
suggest that some ultra-luminous X-ray sources in nearby galaxies, which stay in
the hard states during bright, short flares, harbor stellar-mass compact stars.
Subject headings: accretion, accretion disks — black hole physics —stars: X-ray
binaries
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1. Introduction
Observations of black hole and neutron star X-ray binaries show two main X-ray spectral
states, namely the soft state and the hard state (see the recent review by Remillard &
McClintock 2006 and references therein). In the soft state, the X-ray spectrum is dominated
by a thermal component with a weak steep power-law component. In the hard state, the
X-ray spectrum is well described by a single power-law component with a high-energy cut-off
(see the review by Done et al. 2007). For a long time it has been believed that a change in
the instantaneous mass accretion rate around a threshold causes spectral state transitions,
therefore mass accretion rate was considered as the dominant parameter in determining
spectral state transitions (e.g., Esin et al. 1997).
Observations suggest that mass accretion rate is not the only parameter in determin-
ing spectral state transitions. The luminosity corresponding to the hard-to-soft (here after
H-S) transition is found usually higher than that of the soft-to-hard (here after S-H) tran-
sition in transient sources (Miyamoto et al. 1995; Nowak 1995; Maccarone & Coppi 2003;
Gladstone et al. 2007), suggesting that the transitions between the two states do not occur
at the same luminosity when transition directions are opposite. On the other hand, additional
studies show evidence that the H-S transition luminosity is not fixed (Homan et al. 2001;
Zdziarski et al. 2004), which could vary by a factor of 10 (Yu, van der Klis & Fender 2004;
Yu & Dolence 2007). Many different parameters have been suggested to determine spectral
state transitions, including the size of the corona (Homan et al. 2001), the history of the
mass accretion rate (Homan & Belloni 2005), the history of the location of the inner disk
radius (Zdziarski et al. 2004), two different flows in the accretion geometry which contribute
to the non-thermal and thermal components, respectively (Smith et al. 2002), the mass in
the accretion disk (Yu, van der Klis & Fender 2004; Yu et al. 2007), and the changes in the
Compton cooling and heating processes in the accretion flow involving evaporation and irra-
diation (Meyer-Hofmeister et al. 2004; Liu et al. 2005), etc. These diverse suggestions likely
reflect different manifestations of the same phenomena and the same physics underneath.
Usually during the rising phase of a bright outburst of a neutron star or black hole tran-
sient, spectral transition from the hard state to the soft state can be seen. A hard flare before
the H-S transition occurs in neutron star and black hole transients (see Bouchacourt et al.
1984; Brocksopp et al. 2002; Yu et al. 2003, and references therein). The transition lu-
minosity from the hard state to the soft state corresponds to the peak luminosity of the
hard state throughout an outbursts because of hysteresis effect of spectral state transitions
(Miyamoto et al. 1995). The transition does not occur at a constant luminosity nor at an ar-
bitrary one. It has been found that the peak luminosity of the hard state correlates with the
outburst peak luminosity in a number of soft X-ray transients Aql X-1, XTE J1550-564, and
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GX 339-4 and the persistent, transient-like neutron star low mass X-ray binary 4U 1705-44
(Yu, van der Klis & Fender 2004; Yu et al. 2007; Yu & Dolence 2007). The general picture
is that the brighter the initial hard state, the brighter the outburst will be, or vice versa. An
application of the correlation is that one can predict the outburst peak luminosity during
the rising phase of an outburst when the H-S transition occurs (Yu, van der Klis & Fender
2004; Yu et al. 2007; Yu & Dolence 2007).
The origin of such a correlation is not well understood, but the correlation has important
implications. First, the widely-accepted idea that the mass accretion rate in the accretion
flow determines spectral state and state transition is not complete. In Aql X-1, Yu & Dolence
(2007) showed that the correlation holds for outburst peak fluxes spanning by an order
of magnitude, with the lowest transition flux comparable to that of the S-H transition.
The correlation therefore holds for low luminosity flares. This suggests that spectral state
transitions in bright outbursts or small flares could be consistently explained. Second, the
correlation has shown no saturation towards high luminosities, which suggests that hard
states brighter than the ones currently known are possible and could be observed in transient
sources during brighter outbursts, leaving more luminosity room for the hard state to develop.
Models aiming at explaining H-S transitions or the brightest hard state a source can reach
therefore need to consider the correlation in the first place.
Up to now there have been a number of transient sources seen to stay in the hard state
throughout their outbursts (e.g. the last outbursts of XTE J1550-564, see (Belloni et al.
2002)). This can be understood as that the mass accretion rate have not exceeded the
threshold for state transitions predicted in the advection-dominated accretion flow (ADAF)
model (e.g., Narayan & Yi 1994,1995; Esin et al. 1997). The correlation, on the other hand,
suggests that a source can reach higher luminosities in the hard state than the theoretical
threshold. The correlation and its intrinsic scatter then gives the peak luminosity of the
thermal disk that is required for a transition to occur when a luminosity of the hard state is
given; dimmer thermal disk could not develop and exist.
In order to systematically study spectral state transitions to understand the origin of
the luminosity correlation and if the correlation holds for not only transient sources but
also persistent sources, we have performed a study of the spectral state transitions that can
be seen in the long-term monitoring light curves of bright X-ray binaries from the All Sky
Monitor (ASM) on board the Rossi X-ray Timing Explorer (RXTE) and the Burst Alert
Telescope (BAT) on board the Swift in the 2–12 keV and the 15–50 keV energy ranges,
respectively, in a period of three years. We searched for H-S transitions and S-H transitions
in all the bright X-ray binaries and identified them based on hardness ratios between the BAT
flux and the ASM flux. We confirmed the correlation between the luminosity corresponding
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to the H-S transition and the peak luminosity of the following soft state, and found the
same correlation holds for both transient and persistent sources. We also show that the
transition luminosity correlates with the rate of increase of the X-ray luminosity around the
H-S transition, implying that the rate-of-increase of the mass accretion rate rather than the
mass accretion rate itself drives the H-S transition during outbursts or flares primarily. This
strongly suggests that most spectral state transitions observed in persistent and transient
X-ray binaries should be explained with non-stationary accretion theories.
2. Observations and Data Analysis
Public daily averaged X-ray light curves of bright X-ray binaries were obtained with the
BAT (15−50 keV) and the ASM (2-12 keV). Combined together, they provide a monitoring
of the X-ray sky on a daily basis, capable to be used to detect state transitions in bright
X-ray binaries.
We have searched for H-S transitions and S-H transitions in all the bright X-ray binaries.
We took data from February 12, 2005 (MJD 53413) to February 8, 2008 (MJD 54504), the
time when this study started. We used good BAT data with data flag (see Scaled Map
Transient Analysis Synopsis of Swift/BAT1) ) of 0 and dither flag of 0. The X-ray flux
reported in this paper has been converted into units of Crab. We used 1 Crab = 75 count/s
for the ASM and 1 Crab = 0.23 count/s/cm2 for the BAT, estimated from the Crab light
curves from the two instruments, respectively. We took advantage of the energy bands
of the ASM and the BAT, which cover primarily for the thermal spectral component and
the non-thermal spectral component, respectively. The hardness ratios between the ASM
and the BAT fluxes then provide a comparison between the thermal and the non-thermal
spectral components, which were proved very useful to determine spectral states. To increase
detection sensitivity, we calculated two-day averaged results. We excluded BAT or ASM
average rates with a significance smaller than 1σ.
2.1. Spectral states and measurements of transition fluxes
We studied the ASM light curve, the BAT light curve and the hardness ratio for each
source monitored by the RXTE/ASM and the Swift/BAT. We have identified spectral state
transitions in bright neutron star and black hole binaries. The two-day averaged hardness
1http://heasarc.gsfc.nasa.gov/docs/swift/results/transients/Transient synopsis.html
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ratios of these bright binaries show clearly two spectral states, namely the hard state and
the soft state, respectively. In Figure 1, we plot the histograms of the distribution of the
BAT/ASM ratios of 4U 1608-52 (upper left) and GX 339-4 (upper right), representing the
neutron star systems and the black hole systems, respectively. All neutron star binaries and
all black hole binaries (excluding GRS 1915+105) with spectral state transitions are shown
on the lower left and lower right. A model composed of two Gaussian functions (on the scale
of logarithm of the hardness ratio) can be used to fit the distributions. We determined the
hardness ratio thresholds for the hard states and the soft states based on these histograms.
The hard state hardness ratio threshold was taken as 1.0 for both neutron star and black
hole systems, and the soft state hardness ratio thresholds were set to 0.2 and 0.1 for neutron
stars and black holes, respectively. These thresholds were marked as dashed and dotted
lines in Figure 1. The thresholds 0.2 and 1.0 for neutron star systems correspond to the
distribution peaks of the two spectral states. The broad, overlapping Gaussians for the
two states suggest that reaching these hardness ratios would mean the sources have fully
entered soft state or hard state for sure. For black hole systems, the soft state threshold was
taken as 0.1, consistent with the soft state peak but smaller enough than the hardness ratios
corresponding to the very high or intermediate state (around 0.1– 0.2) that occasionally seen
during the outbursts of black hole transients. The hard state threshold was taken as 1.0, the
same as those neutron star systems. When the hardness ratios are in the range above 1.0,
black hole sources were definitely in hard states since the two Gaussians for the soft state
and the hard state do not overlap in this hardness range. Special thresholds were chosen
for the peculiar source GRS 1915+105 (see below and Figure 18), because its hardness ratio
varied drastically on short time scales.
When the H-S transition occurs, the hardness ratio shifts from above the hard state
threshold to below the soft state threshold. We identified the hard X-ray flux corresponding
to the start of each H-S transition from the BAT light curve and the peak flux in the soft
X-ray corresponding to the following soft state from the ASM light curve according to the
following scenarios. The transition flux from the hard state to the soft state was chosen
as the BAT peak flux of the hard states around the H-S transition (within 6 days). This
is based on previous studies of transient outbursts that the brightest hard state during
the rising phase of an outburst corresponds to when the transition occurs (Yu et al. 2003;
Yu, van der Klis & Fender 2004). In case the flux variation is little, the transition flux
should correspond to that of the latest hard state before the transition occurs (Yu & Dolence
2007). The peak flux of the following soft state was chosen as the ASM peak flux of the
soft state immediately after the H-S transition, but we exclude those isolated ASM peaks
detected only in a single time bin to avoid false identifications. The fluxes we selected are
therefore good approximations of the transition fluxes and peak fluxes.
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From Figure 2 to Figure 21, we show the long-term X-ray light curves of the bright
Galactic X-ray binaries in which spectral state transitions were identified. For each H-S
transition, we marked the start of the transition in the BAT light curve and the hardness
ratio plot with a thin arrow, and the peak flux of the following soft state after the transition
with a thick arrow, respectively. Whenever the S-H transition associated with the above H-S
transition could be identified, we marked the start and the end of the S-H transition with
thin and thick arrows, respectively, but with a dash-dotted tail to distinguish from those
marks of the H-S transitions. We determined the transition flux from the soft state to the
hard state by measuring the flux of the first hard state just after the hardness ratio changed
from the soft state to the hard state threshold. Notice that the measured flux corresponds
to the end of the S-H transition, which is different from those for the H-S transitions. If we
assume that the S-H transition usually occurs during a luminosity decline, then the measured
flux should be lower than the transition flux from soft state to hard state.
The significance of the fluxes we identified was required to be above 3 σ. In Table 1,
we describe the details of the state transitions identified in fifteen neutron star LMXBs and
four black hole LMXBs. We also include the high mass X-ray binary Cyg X-3 because of
its similarity to GRS 1915+105, although it does not show clear spectral states as those
neutron star LMXBs and the black hole binaries GX 339-4 and GRO J1655-40. Other
sources could not be added because of either a lack of simultaneous BAT/ASM data or a
lack of identifications of state transitions.
In summary, we identified H-S transitions and associated S-H transitions in fifteen neu-
tron star LXMBs, four black hole LMXBs and a HMXB Cyg X-3. In order to compare
them with the state transitions in the well-known black hole binary Cygnus X-1, we also
estimated the transition flux and the peak flux of the following soft state during its H-
S transition in 1996 based on CGRO/BATSE and RXTE/ASM monitoring observations
(Zhang et al. 1997).
2.2. Measurement of the rate-of-change of the X-ray flux
It has been suggested that an additional parameter is needed to account for state evo-
lution based on studies of hysteresis (Homan et al. 2001; Smith et al. 2002). The unknown
second parameter other than the mass accretion rate is the key for the understanding of
the accretion geometry and the origin of spectral transitions. As suggested by the correla-
tion between the luminosity of the H-S transition and the peak luminosity of the following
soft state, the second parameter could be the surrogate of the peak luminosity of an out-
burst or flare, such as the mass in the accretion disk before an outburst or flare occurs
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(Yu, van der Klis & Fender 2004; Yu et al. 2007). In the simplest picture that the outburst
rise time scale remains approximately constant in a single source, the rate-of-increase of the
mass accretion rate (here after dM˙/dt), could be the surrogate of the peak luminosity of
an outburst or flare. It is thus necessary to investigate the rate-of-change in the X-ray flux
(here after dL/dt) from the observations.
The idea that mass accretion rate determines spectral state is based on the assumption
of stationary accretion under which the rate-of-change in the mass accretion rate has little
effect. During transient outbursts this does not hold since the observed source flux usually
increases by a factor of more than an order of magnitude in a period of a few days to a week.
On the time scale of state transition, the increase of the mass accretion rate is no longer
small compared to the mass accretion rate itself.
We measured the rate-of-changes of the ASM and the BAT fluxes around the H-S
transition, respectively, by calculating the ratio between the flux difference ∆F between any
two adjacent time bins over the time interval of two days. In order to reduce the effects of
large fluctuations from individual flux measurements, we performed numerical differentiation
using 3-point, Lagrangian interpolation to measure the rate-of-change of the X-ray flux. For
each H-S transition, we chose a time window to investigate the rate-of-change. The time
window used for the BAT light curve starts when the BAT flux reached half of the BAT
transition flux and ends when the BAT flux reached its maximum (transition flux). For the
ASM light curve, the time window starts at the same start time as the time window for the
BAT analysis and ends at the ASM peak. We determined the maximal rate-of-changes in
the ASM flux and the BAT flux in the above time windows, respectively, for each outburst
or flare with H-S transition identified.
The dL/dt in black hole binaries in the soft state or neutron star X-ray binaries in both
soft state and hard state is an indicator of the dM˙/dt, because for the latter the gravitational
energy of the matter accreted by neutron stars has to be released near or on the neutron
star because of hard surface, and for the former the X-ray flux is dominated by the thermal
emission from the accretion disk and is known to be a surrogate of the mass accretion rate
in the disk flow. Close to the luminosity threshold for spectral transitions in the radiative
inefficient flow model (Narayan & Yi 1994, 1995), which is the most popular model for
black hole hard state, the radiation efficiency is proportional to the mass accretion rate and
expected to be close to that of the standard disk flow, so the maximal rate-of-increase of
flux approximately represent the maximal rate-of-increase of the mass accretion rate during
the rising phase of the soft state or the hard state around the spectral state transition. This
is supported by the following analysis, showing that black hole systems and neutron star
systems fall on the same empirical correlation track (Fig. 24).
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3. Results
3.1. The hard-to-soft transition
We have measured the hard X-ray flux corresponding to the H-S transition and the peak
flux of the following soft state in about 20 bright sources. In Figure 22 we plot the observed
transition flux and the observed peak fluxes of following soft states of these sources. It
shows a strong positive correlation with Spearman correlation coefficient 0.91 and a chance
possibility on the order of 10−30. To exclude the contribution due to diverse source distances
and compact star masses, we re-scaled the observed fluxes to intrinsic fluxes to account for
the effect from different source distances and compact star masses, using the source distances
and compact star masses with uncertainties listed in Table 1. We found a strong positive
correlation remains.
Since intrinsic or Galactic absorption affects the observed soft X-ray flux below about
5 keV, we used only the ASM rate from the third channel (5-12 keV) to check if the flux
correlation is primarily caused by this effect. We found a correlation of high significance with
Spearman correlation coefficient of 0.85 and a chance possibility of 10−19. We concluded that
intrinsic or Galactic hydrogen absorption and its potential variation does not play a role in
causing the correlation between the transition fluxes and the peak fluxes.
The energy spectra of Crab in the 2–10 keV band and the 15–50 keV band can be
described by a power-law with photon indices of -2.07 and -2.12, and normalizations of 8.26
and 9.42, respectively (Kirsch et al. 2005). We can convert the ASM flux and the BAT flux
in Crab units into luminosities assuming that the Galactic binaries have similar spectral
shape as well as hydrogen absorption as the Crab. The approximation is justified since in
the hard state just before a state transition, the energy spectrum is dominated by a power-
law component with a power-law index in the range 1.8–2.0 and most of the binaries in
our study have an NH similar to that of the Crab (4.0 − 4.5) × 10
21. Figure 23 shows the
relation between the luminosity corresponding to the H-S transition and the outburst peak
luminosity. The Spearman coefficient is 0.85, with a chance possibility of 1.8×10−20. We fit
the data with a model of the form log LPS = A log Ltr,H+B, where LPS and Ltr,H represents
the peak luminosity of the soft state and the H-S transition luminosity, respectively. We
obtained A=1.06±0.06 and B=0.64±0.09, with an intrinsic scatter in log LPS of 0.18±0.002.
The uncertainties in the estimates of source distances and masses, if known, are included
during our model fits. But the data of Cyg X-3 was not used because we are not sure about
whether it contains a black hole or a neutron star. These apply to the following fits as well.
Figure 24 shows the correlation between the luminosities in Eddington units. We found a
strong correlation between the transition luminosity and the peak luminosity of the following
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soft state. The Spearman correlation coefficient is 0.87, with the chance possibility being
7.4 × 10−22. If we fit the data with a model of the same form as above, we obtained
A=0.93±0.07 and B=0.42±0.14, with an intrinsic scatter in log LPS of 0.170±0.001. If only
sources with estimates of distance uncertainties are considered, the Spearman correlation
coefficient is 0.82, with the chance possibility being 9.6× 10−14. We obtained A=1.06±0.11
and B=0.65±0.19, with an intrinsic scatter in log LPS of 0.099±0.001. We also investigated
if the correlation comes from several sources with the most spectral transitions detected. We
excluded 4U 1728-34 and 4U 1636-53 in which more than ten transitions were identified. We
found the Spearman correlation coefficient is 0.89, with a chance possibility of 1.5 × 10−15.
This suggests that the correlation between the luminosity of the H-S transition and the peak
luminosity of the following soft state holds in X-ray binaries. It is worth noting that the
H-S transition luminosity spans by about two orders of magnitude. As shown in the plot,
the luminosity corresponding to the H-S transition in the 15–50 keV range is (0.13–8.0)%
Eddington luminosity. This corresponds to an X-ray luminosity (1–200 keV) of (0.4–25)%
assuming the source has a power-law spectrum with a photon index of 2 up to 200 keV when
the H-S transition occurs. If the energy spectrum is a power-law spectrum with a cut-off at
30 keV, as sometimes seen just before a H-S transition, the X-ray luminosity in 1–200 keV
would be 1/7 lower. This suggests that possible deviation from a single power-law spectrum
for the hard state would not affect our luminosity estimates significantly.
The correlation is found consistent with those determined previously in the outbursts
of single sources Aql X-1, GX 339-4, and XTE J1550-564 (Yu, van der Klis & Fender 2004;
Yu & Dolence 2007; Yu et al. 2007). We took those fluxes measured with the RXTE ASM
and HEXTE reported in these papers, converted them into Eddington units, and plotted
those data in Figure 23 and 24 for the three sources (connected with a solid line for each
source). The distance of XTE J1550-564 was taken as 5.3 kpc and the mass of the black
hole was taken as 9.68 – 11.58 M⊙ (Orosz et al. 2002). The distance of Aql X-1 was taken
as 5 kpc, as suggested by Rutledge et al. (2001), and the mass was taken as 1.4 solar masses
because the compact star is a neutron star. For GX 339-4 we used 5.6 kpc as its distance
and a mass of 5.8 solar masses, which correspond to the lower limits. As shown in Figure
22, 23 and 24, the data measured in single sources with RXTE ASM and HEXTE follow the
correlation track measured in this study very well.
It is valuable to see where the H-S transition locates in these plots for the well-known
black hole candidate Cygnus X-1, in which transitions are known to occur at similar luminos-
ity levels (Zhang et al. 1997; Zdziarski et al. 2004). We estimated the X-ray flux of the 1996
H-S transition and the peak flux of the following soft state using the ASM and the BATSE
fluxes. The ASM count rate of the soft state peak after the H-S transition was about 100
counts/s, approximately 1.3 Crab, while the 20−50 keV flux estimated from BATSE corre-
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sponding to the start of the transition was about 1 crab (Zhang et al. 1997). The mass of
the black hole in Cyg X-1 is about 10.1M⊙ and the distance is 2.1 kpc (Massey et al. 1995).
Based on these parameters, we found the transition luminosity of Cyg X-1 locates at the low
end of the transition luminosity range (see Fig. 24). The results suggest that Cyg X-1 has
almost the lowest transition luminosity in the Galactic X-ray binaries.
Based on the data shown in Fig. 24, a comparison of the correlations in the neutron
star systems and in the black hole systems can be made. GRO J1655-40 lies away from
most of the data of the correlation track. This might be because of its unusual outburst
profile or inclination angle, which does not allow consistent estimates of the fluxes. We
took it as an outliner. We fit the data of the black hole systems including Cyg X-1, GRS
1915+105, GX 339-4 and XTE J1550-564, including results from previous studies. We ob-
tained A=1.04±0.28 and B=0.48±0.45, with an intrinsic scatter in log LPS of 0.28±0.03. The
Spearman correlation coefficient is 0.80. For the neutron star systems, we got A=1.03±0.05
and B=0.56±0.10, with an intrinsic scatter in log LPS of 0.092±0.001. The Spearman cor-
relation coefficient is 0.88. The best fit models for the black hole systems and the neutron
star systems are consistent with being the same.
3.2. The soft-to-hard transition
In order to study the well-known hysteresis effect of spectral state transitions, we
searched for the S-H transitions in those outbursts or low amplitude flares in which a H-S
transition was identified.
Similar to the study of the H-S transitions, we have measured the 15–50 keV flux
corresponding to the hard state immediately after the S-H transition. The advantage of
selecting the hard state to measure transition luminosity is that we can compare the H-S
transition flux and the S-H transition flux in the same energy range and in the same spectral
state, which avoid highly uncertain bolometric corrections in the soft X-ray band for the soft
state when the transition starts. The disadvantage is that we measure the hard state flux
after the S-H transition has occurred. This is not the flux at which a source started a S-H
transition, but the flux at which a source finished a S-H transition. If the S-H transition
occurs during a luminosity decline, which is likely true in general, the measured flux should
be significantly lower than the actual transition flux.
We have converted the fluxes into luminosities in Eddington units and compared the
transition luminosities between the S-H and the H-S transitions of the same outbursts or
flares. We confirmed the hysteresis effect of state transitions that the S-H transition lumi-
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nosity is generally lower than the H-S transition luminosity. This is shown in Figure 25. The
15–50 keV luminosity of the S-H transition is (0.2–2.0)% Eddington luminosity, correspond-
ing to an X-ray luminosity in 1–200 keV of about (0.6–6.0)% Eddington luminosity.
The luminosity of the S-H transition does not show a strong correlation with the pre-
ceding outburst peak flux. The corresponding Spearman correlation coefficient is 0.50, with
a chance possibility of only 0.01, implying that there is low level positive correlation be-
tween the two but not significant. Examination of the data suggests that the correlation are
largely contributed from 4U 1705-44, 4U 0614+091, and HETE J1900.1-2455. These data
correspond to the upper and the lower luminosity ends of the date set, respectively. We also
noticed that the uncertainties in our estimates of source distances and compact star masses
should bring a scatter of source luminosities by a factor of 2 or so (e.g., if source distance
estimate is uncertain by a factor of 1.4 or neutron star mass is 2.2 solar masses instead of 1.4
solar masses), which would contribute to a weak positive correlation in the plot. Therefore
it is unlikely that there is a universal correlation between the S-H transition luminosity and
the outburst peak luminosity among the sources from our analysis, but a correlation in single
sources can not be ruled out (4U 1636-53, Homan 2007, private communication). It is worth
noting that the S-H transition luminosity we defined is not the actual luminosity when the
transition starts but the luminosity when the transition ends.
3.3. The hard-to-soft transition and the rate-of-increase of the X-ray
luminosity
We know that for outbursts or flares of similar rise time scales, outburst peak luminosity
and the dL/dt correlates. For outbursts or X-ray flares of different rise times, outburst peak
luminosity would not correlate with the dL/dt very well. Therefore, a study of the rate of
increase in the X-ray luminosity vs. the H-S transition luminosity relation, as compared with
the peak luminosity vs. the transition luminosity relation, would tell us which correlation is
the primary correlation. In Figure 26, we plot the relation between the dL/dt and the H-S
transition luminosity for the black hole and neutron star X-ray binaries as measured with
the ASM and the BAT. We found a strong correlation between the two. For sources with es-
timates of distance uncertainties, We obtained Spearman correlation coefficients of 0.72 and
0.70, and chance possibilities of 2.4× 10−9 and 7.2× 10−9, for the ASM and the BAT mea-
surements, respectively. We fit the data with a model of the form log dL/dt = A log Ltr,H+B,
where dL/dt represents the rate-of-increase of the X-ray luminosity in the ASM or BAT. We
obtained A=1.15±0.18, B=0.06±0.32 and an intrinsic scatter of 0.11±0.001 in log dL/dt for
the ASM and A=0.81±0.27, B=–1.16±0.45, and an intrinsic scatter of 0.10±0.002 for the
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BAT.
In Figure 27, the relation between the dL/dt and the peak luminosity of the following soft
state is shown. Excluding sources without an uncertainty in the distance estimate, we found
the Spearman correlation coefficients are 0.86 and 0.65, with chance possibilities of 1.9×10−16
and 1.3×10−7 , for the ASM and the BAT measurements, respectively. We fit the data with
a model of the form log dL/dt = A log LPH+B. We obtained A=1.18±0.14, B=–0.56±0.15,
and an intrinsic scatter of 0.070 ± 0.001 in log dL/dt for the ASM and A=0.67±0.25, B=–
1.76±0.28 and an intrinsic scatter of 0.116± 0.002 for the BAT.
We can not address whether it is the dL/dt or the outburst peak luminosity that pri-
marily drives the correlations from the data set. However, the observations of the 2007
outburst in GX 339-4 might provide an evidence that the transition luminosity and the peak
luminosity of the soft state have a weaker correlation than that between the transition lu-
minosity and the rate-of-increase of the luminosity. During the 2007 outburst, the source
reached a soft X-ray peak luminosity comparable to that of the 2002-2003 outburst as seen
with the ASM, but its hard X-ray peak, as seen with the BAT, reached only half of the
peak flux of the 2002-2003 outburst. The empirical relation would predict a peak luminosity
of the outburst in the ASM to be half of the observed. This suggests that the outburst
peak luminosity of the 2007 outburst deviated from the relation formed by the other three
outbursts (Yu et al. 2007) by a factor of 2. The reason might be that the 2007 outburst has
a significantly shorter rise time, which can be seen in the ASM light curve.
4. Conclusion and Discussion
We have performed a systematic study of the state transitions in the brightest persistent
and transient X-ray binaries observed with the RXTE/ASM and the Swift/BAT during a
period of three years. We have found that the 15–50 keV luminosity corresponding to the
H-S transition is positively correlated with the peak 2–12 keV luminosity of the following
soft state and the rate-of-increase of the X-ray luminosity in a luminosity range spanning
by two orders of magnitude (Figure 24 and 26). This does not only confirm the correlation
previously found in single sources but also reveal that there is no clear cut in the state
transitions between persistent sources and transient sources, suggesting that the observed
large luminosity span of the H-S transition is caused by non-stationary accretion of different
scales, rather than the detailed mechanism of transient outburst and flare (e.g., inside-out
or outside-in outbursts). This suggests that the additional parameter other than the mass
accretion rate which determines spectral state transitions would relate to non-stationary
accretion parameters, such as the dM˙/dt or the initial condition such as the mass in the disk
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(Yu, van der Klis & Fender 2004; Yu et al. 2007). On the other hand, both correlations
show no luminosity saturation, suggesting that we have not observed the brightest hard
state nor the brightest soft state which are permitted by physics. In other words, brighter
hard states would be observed during brighter outbursts in the Galactic X-ray binaries. Such
bright hard states and outbursts in stellar mass black holes may have already been observed
in ultra-luminous X-ray sources (ULXs) in nearby galaxies.
We also found that the luminosity corresponding to the end of the S-H transition does
not show significant correlation with the peak luminosity of the preceding soft state in
general. The transition flux as we defined is in general a few times lower than that of the
H-S transition, but spans by more than one order of magnitude. This is larger than the
factor of 4 difference estimated by Maccarone (2003), but uncertainties on the masses and
distances and a narrower band used may account for the differences.
4.1. Luminosity of spectral state transitions and non-stationary accretion
The correlation between the luminosity of the H-S transition and the dL/dt tells us that
when there is little rate-of-increase of the X-ray luminosity, indicating little dM˙/dt on the
transition time scale, the transition luminosity of the H-S is the lowest. This is consistent
with the low and constant transition luminosity seen in Cyg X-1 (Figure 24). Cyg X-1 stays
at a rather constant flux level and shows similar transition luminosities (Zhang et al. 1997;
Zdziarski et al. 2002; Wilms et al. 2006). This can be understood as that Cyg X-1 has very
little dM˙/dt on the time scale of spectral state transitions. The implication of the correlation
shown in Fig. 24 is that the difference in the H-S transition luminosity between the persistent
sources and the transient sources lies in the difference in the dM˙/dt. Persistent sources tend
to have lower dM˙/dt in the hard state and therefore lower H-S transition luminosities; while
the transient sources tend to have higher dM˙/dt during outbursts. We speculate that the
transition luminosity of the S-H transition is also affected by the rate-of-decrease of the mass
accretion rate, as one could imagine that the faster a fading thermal disk disappears, the
earlier the source enters the hard state, leading to the hard state to occur at a relatively
higher luminosity. Whether the S-H transition luminosity is influenced by non-stationary
accretion is worth further investigations.
The tight correlation between the transition luminosity and the dL/dt suggests that
there are two main parameters that determine the luminosity at which the spectral state
transition occurs. One is the mass accretion rate, as generally suggested. The transition
is determined by the mass accretion rate when there is little rate-of-increase of luminosity.
The mass accretion rate sets the reference luminosity of the H-S transition corresponding
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to zero rate-of-change of the mass accretion rate. The other is the rate-of-increase in the
mass accretion rate (note: whether there is strong effect of the rate-of-decrease of the mass
accretion rate in the hard state is expected but not known yet, see Smith et al. 2007). In
Figure 26, the slope between the transition luminosity and the dL/dt is determined. When
the dL/dt is known, the range of the transition luminosity can be predicted.
What causes sources in the hard states to reach higher luminosities than expected ? The
answer is non-stationary accretion. This is set up by the initial condition at the beginning
of an outburst or flare. The peak flux vs. waiting time relation found in GX 339-4 suggests
that the hard X-ray peak luminosity is proportional to the mass stored in the disk (note: in
GX 339-4 the mass stored in the disk during quiescence is approximately entirely accreted
during the following outburst, see Yu et al. 2007). The correlations between the transition
luminosity and the peak luminosity of the following soft state or the dL/dt (Figure 24 and 26)
indicate that the hard X-ray peak luminosity is positively correlated to the peak luminosity
of an outburst or flare and the rate-of-increase of the X-ray luminosity. This links the rate
of increase of the mass accretion rate to the mass stored in the disk before an outburst or
flare occurs. How this link establishes is not clear.
The results remind us that static accretion models are not good approximations of
the accretion flow on the time scales when the variation of the mass accretion rate ∆M˙
is comparable to the mass accretion rate M˙ itself. The stationary condition was not met
during most of the spectral state transitions during the rising phases of the outbursts or
flares we studied. A complete state transition from the hard state to the soft state usually
takes about a few days to a few weeks. As shown in Figure 26 and 27, the slope of the
trend is ∼1, indicating that the daily increase of the X-ray luminosity during the rising
phase of an outburst or flare is about 1/3 of the total luminosity itself. This indicates that
during the rising phase of an outburst or flare, the mass accretion rate increases rapidly, and
the variation of the mass accretion rate can not be treated as a small perturbation. This
suggests that using static accretion solutions to interpret these spectral state transitions,
as those models under the assumption of stationary accretion (for example, Esin et al.
1997; Meyer-Hofmeister et al. 2004;Liu et al. 2005), is questionable. The importance of
time-dependent approaches is also supported by some other observations of spectral state
transitions (Smith et al. 2002, 2007).
4.2. The brightest hard states of black hole and neutron star binaries
Because of the hysteresis effect of state transitions (Miyamoto et al. 1995; Nowak 1995;
Maccarone & Coppi 2003; Gladstone et al. 2007), the brightest hard state is usually reached
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during the rising phase of an outburst in transient X-ray binaries (Bouchacourt et al. 1984;
Brocksopp et al. 2001; Yu et al. 2003). In our systematic study of the H-S transition in the
bright X-ray binaries, the correlations do not show a flux saturation or cut-off at either end
of the X-ray luminosity range, as shown in Figure 24 and 26, suggesting that the maximum
luminosity that is permitted in the hard state has not been observed in the Galactic X-ray
binaries.
In the Galactic X-ray binaries we studied, the maximum transition luminosity in the
15–50 keV range is about 7–8% LE (assume Cyg X-3 is not a neutron star system). This
corresponds to about ∼ 25% Eddington luminosity in the energy range 1–200 keV assuming
a power-law spectrum with photon index 1.8–2.0. If we consider that the hard X-ray peak
flux of the 2002-2003 outburst of the black hole transient GX 339-4 is about twice of that of
the 2006 outburst, the maximum H-S transition luminosity observed in the Galactic X-ray
transients in the past decade is around 30% (see also Zdziarski et al. 2004).
How bright a black hole hard state can be ? What does the empirical relations tell
us about the brightest hard state ? Based on Figure 24, hard states could reach higher
peak luminosities in Eddington unit during outbursts or flares of higher peak luminosities.
Therefore the chance to observe a much brighter hard state in these Galactic sources lies in
whether there would be much brighter outbursts in future.
We can roughly estimate the chance for us to observe a source in the hard state at
the Eddington luminosity. In the past ten years or so we likely detected outbursts in the
Galactic X-ray binaries on the order of 100 with peak luminosities higher than about 1%
LE . One out of these outbursts reaches 30% LE (e.g., the 2002–2003 outburst in GX 339-4).
Assuming the distribution of outburst peak luminosity is of the form N(Lp)=ALp
α, where A
is the normalization and α is the index, the chance for us to detect a hard state at Eddington
luminosity would be (1.0/0.3)α times the chance for us to see an outburst of 30% LE – which
is one in ten years. If α is close to -1, then we would observe an outburst with the hard
state reaching the LE in about 30 years’ time. If α is close to -1.5, then we would observe
an outburst with the hard state reaching the LE in about 60 years (see Grimm et al. 2002
for Galactic X-ray binary luminosity function). Similar estimate would apply to galaxies
similar to our own. If α is in the range -1 – -1.5, we would observed an X-ray binary in the
hard state at the Eddington luminosity in about 3–6 galaxies during a period of ten years.
This would account for some of the ultra-luminous X-ray sources (ULXs) seen in bright
hard states in nearby galaxies. We found that the outburst sample in our current study is
not enough for a determination of the distribution of the outburst peak luminosity. Future
statistical studies of transient outbursts would determine the distribution and give a certain,
quantitative answer.
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Based on the empirical relations, the outbursts or flares during which a much brighter
hard state can be seen are those having a larger rate-of-increase of the luminosity than what
have been seen in these Galactic sources. To have a larger rate-of-increase of the luminosity,
an outburst or flare should either reach higher peak luminosity within a similar rise time
as the outbursts seen in the Galactic transients, or reach similar peak luminosity within a
shorter rise time. Specific prediction about the interesting source GX 339-4 can be made.
Based on the empirical relation between the peak flux of the hard state and the outburst
waiting time (Yu et al. 2007), GX 339-4 will reach the Eddington luminosity in the hard state
during a future outburst after being inactive for ten years. It worth noting that the peak
flux vs. waiting time relation reported in Yu et al. (2007) was based on BATSE monitoring
observations. Source activities below about 0.1 Crab did not obviously affect the empirical
relation. Therefore if GX 339-4 stays inactive (below 0.1 Crab) for more than 10 years,
the peak flux of the hard state in the next outburst would reach beyond the Eddington
luminosity.
Have super-Eddington outbursts with similar rise or decay time scales as those of the
Galactic transients been observed in sources in nearby galaxies ? The answer is yes. We
have performed a study of the bright outbursts of the Galactic X-ray binaries seen with
the RXTE/ASM and found that the shortest e-folding rise time scale in each outburst is
on average about 2 days. There is evidence that the shortest characteristic rise or decay
timescales during the X-ray flares of some ULXs are comparable. One of the best examples
is seen in NGC 1365 X-1, which declined in luminosity with an e-folding time scale of about
3 days during a series Chandra/ACIS snapshots (Soria et al. 2007). Another example is a
supersoft source in M 101, which showed an outburst to the soft state with an e-folding time
scale around 1–2 days (Kong et al. 2004). Yet another example is a ULX in M82: a few
X-ray flares were seen emerging from a 62-day flux modulation (Kaaret et al. 2006). We
have investigated the RXTE/PCA light curve and found that the e-folding rise and decay
timescales being about 2−3 days. These bright hard states observed during bright, short
flares are expected from stellar mass black holes and neutron stars based on the correlations
between the H-S transition luminosity and the outburst peak luminosity or the dL/dt in
stellar-mass black hole or neutron star X-ray binaries. Our study provides an additional
evidence that some of the ULXs contain stellar mass compact stars.
4.3. Outbursts entirely in the hard state
A number of hard state outbursts have been observed in X-ray transients, such as
XTE J1550-564, XTE J1118-480, IGR J17497-281, SWIFT J1753.5-0127, and Aql X-1
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(Belloni et al. 2002; Brocksopp et al. 2004; Rodriguez et al. 2006, 2007; Ramadevi & Seetha
2007). In the framework that mass accretion rate determines spectral state transitions, these
hard state outbursts can only be explained as that the mass accretion rate threshold is not
reached. Then brighter outbursts with the hard state exceeding the threshold, roughly of
1-2% LE in 1–200 keV corresponding to the transition luminosity of Cyg X-1 (see Fig. 24),
can not be explained.
The correlations shown in Fig. 24 and Fig. 26 provide an explanation of bright hard
state outburst. In the plot of Fig. 26, the data defines a band of the transition regime (with a
half width as the intrinsic scatter) in the transition luminosity of the hard state vs. the rate-
of-increase of the luminosity relation. Two theoretical possibilities therefore can be inferred
for when the state transitions do not occur. One is that these sources stay in the lower-right
regime below the transition regime and have had lower rate-of-increase of the luminosity in
the recent past in relative to their peak luminosities of the hard states. Combined with the
correlation shown in Fig. 24, the occurrence of hard state outburst is because of low dL/dt in
the recent past which does not permit the source to reach a soft state of which the luminosity
should follow the relation defined in Fig. 24, i.e., soft state of lower luminosity can not exist.
The other possibility is that the sources stay in the upper-left regime in Fig. 26 and have
lower peak luminosity of the hard state in relative to the rate-of-increase of the luminosity,
suggesting that the hard state outbursts are due to lower peak luminosities in relative to
the dL/dt. This indicates a potentially existing, but special regime of the hard state under
violent conditions of the accretion flow, which may account for not only bright hard state in
Galactic binaries but also those seen in ULXs. Combined with the correlation in Fig. 24, the
occurrence of hard state outburst is because the source has a low luminosity in relative to
the dL/dt. Such hard states can sustain for some time but not forever since otherwise this
would lead to an infinite luminosity. Therefore thermal disk with a luminosity higher than
the value predicted in the relation in Fig. 24 can not develop. Whether this case is related
to the occurrence of very high state or intermediate state in black hole systems is unclear,
but clearly deserves further studies.
Two hard state outbursts around MJD 53926 and 54618 (outside the time range of our
analysis) in 4U 1608-52 can be seen in the ASM and BAT light curves. We can determine the
peak flux of the hard state and the maximum rate-of-increase of the fluxes since the sources
reached half of their peak fluxes for the two outbursts. The maximum rate-of-increase of the
X-ray flux as seen in the ASM and BAT during these hard state outbursts is statistically
lower by a factor of 4 compared with the outbursts during which the H-S transition occurs
around MJD 54270 and 54400, but comparable to that occurred around MJD 53650. This
seems to suggest that our approach with maximum rate-of-increase of the X-ray flux is too
simple to reveal the nature of hard state outburst.
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5. Summary
We have studied spectral state transitions in the brightest persistent and transient
Galactic X-ray binaries seen with the X-ray monitoring observations of the RXTE/ASM and
the Swift/BAT. We have confirmed that the luminosity of the H-S transition is correlated
with the peak luminosity of the following soft state, and found that the correlation holds for
both persistent sources and transient sources in a luminosity range spanning by two orders of
magnitude. We have also found the rate-of-increase of the luminosity is correlated with the
transition luminosity or the peak luminosity of the following soft state. The results imply
that state transitions occur in a large range of mass accretion rates and the majority of
the H-S transitions observed are strongly influenced by non-stationary accretion. The main
results can be summarized as follows:
• Both correlations do not show high luminosity saturation or low luminosity cut-off,
suggesting that we have not observed the brightest hard state nor the dimmest soft
state in the Galactic black hole or neutron star soft X-ray binaries. An outburst
reaching the Eddington luminosity in the hard state would be observed in GX 339-4 if
the source stays below ∼ 0.1 Crab for a period of about ten years.
• The correlations suggest that brighter hard state could be reached during the rising
phase of a brighter outburst with similar rise time or similarly bright outburst with
shorter rise time in stellar-mass black hole or neutron star transients. Several ULXs
showing short-duration hard flares therefore likely harbor stellar-mass compact stars.
• The two correlations are dependent. The correlation between the rate-of-increase of
X-ray luminosity and the H-S transition luminosity could introduce the correlation
between the peak luminosity of the following soft state and the transition luminosity
if the rise time scales are similar among outbursts or flares in single sources and across
sources.
• The luminosity of the H-S transition is shown to correlate with the rate-of-increase
of the luminosity, suggesting that it is non-stationary accretion, characterized by the
rate-of-increase of the mass accretion rate, determines the variation of the transition
luminosity. Combined with the results obtained from GX 339-4 (Yu et al. 2007), the
rate-of-increase of the mass accretion rate is nearly proportional to the mass in the
accretion disk involved in an outburst or flare. Cygnus X-1 is at the low luminosity end
in the correlation tracks, consistent with previous suggestions that its mass accretion
rate is in a narrow range which leads to low rate-of-increase of the mass accretion rate.
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The schematic picture concerning the allowed regimes of the luminosities of the H-S
transition and the hard state is shown in Fig. 28. The light curves of two assumed outbursts
of the same source are shown. The solid curve represents the X-ray light curve of a brighter
outburst while the dashed line represents that of a weaker one. The allowed regimes for the
hard state (gray) or the soft state (white) are shown based on our results. The maximum
luminosity permitted in either the hard state or the soft state is yet unknown. The popular
picture based on the idea that the mass accretion rate determines spectral state predicts that
the H-S and the S-H transitions occur at a constant luminosity L0, below which a source
stays in the hard state. An additional hard state regime is on the rising phase of an outburst
or flare in X-ray binaries based on the empirical correlations. The schematic picture shows
that much brighter hard state can be reached during bright, short outbursts in stellar-mass
black hole and neutron star binaries in our Galaxy. We infer that Galactic binaries may
turn into ULXs during shorter, brighter outbursts. The picture also suggests that hysteresis
effect of state transitions is mainly caused by the H-S transition strongly influenced by non-
stationary accretion characterized by the rate-of-increase of the mass accretion rate, of which
the initial condition may be described by the mass in the accretion disk.
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Fig. 1.— The distribution of the BAT/ASM hardness ratio on time scale two days for the
bright neutron star LMXBs and black hole binaries in which spectral state transitions were
detected. 4U 1608-52 and GX 339-4 are the best examples showing distinct spectral states
for neutron stars and black holes, respectively. Data of GRS 1915+105 were not included
in the statistics of black hole binaries. The hardness thresholds for the soft states and the
hard states which were used in our analysis are marked as dotted-lines and dashed-lines,
respectively.
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Fig. 2.— X-ray monitoring observations of 1A 1742-294 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 3.— X-ray monitoring observations of 2S 0918-549 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 4.— X-ray monitoring observations of 4U 0614+091 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 5.— X-ray monitoring observations of 4U 1323-62 in 2–12 keV with the ASM and 15–50
keV with the BAT.
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Fig. 6.— X-ray monitoring observations of 4U 1608-52 in 2–12 keV with the ASM and 15–50
keV with the BAT.
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Fig. 7.— X-ray monitoring observations of 4U 1636-53 in 2–12 keV with the ASM and 15–50
keV with the BAT.
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Fig. 8.— X-ray monitoring observations of 4U 1702-429 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 9.— X-ray monitoring observations of 4U 1705-44 in 2–12 keV with the ASM and 15–50
keV with the BAT.
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Fig. 10.— X-ray monitoring observations of 4U 1728-34 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 11.— X-ray monitoring observations of 4U 1820-30 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 12.— X-ray monitoring observations of EXO 0748-676 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 13.— X-ray monitoring observations of GRS 1724-308 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 14.— X-ray monitoring observations of HETE J1900.1-2455 in 2–12 keV with the ASM
and 15–50 keV with the BAT.
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Fig. 15.— X-ray monitoring observations of SAX J1712.6-3739 in 2–12 keV with the ASM
and 15–50 keV with the BAT.
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Fig. 16.— X-ray monitoring observations of SAX J1747.0-2853 in 2–12 keV with the ASM
and 15–50 keV with the BAT.
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Fig. 17.— X-ray monitoring observations of GRO J1655-40 in 2–12 keV with the ASM and
15–50 keV with the BAT.
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Fig. 18.— X-ray monitoring observations of GRS 1915+105 in 2–12 keV with the ASM and
15–50 keV with the BAT. The hardness ratios for the hard state are lower than other black
hole binaries. In order to include the transition from the hard state to the soft state around
Day 60 as the second transition sample, we lower the hardness ratio threshold for the hard
state to 0.6.
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Fig. 19.— X-ray monitoring observations of GX 339-4 in 2–12 keV with the ASM and 15–50
keV with the BAT.
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Fig. 20.— X-ray monitoring observations of XTE J1856+053 in 2–12 keV with the ASM
and 15–50 keV with the BAT.
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Fig. 21.— X-ray monitoring observations of Cyg X-3 in 2–12 keV with the ASM and 15–50
keV with the BAT. The thresholds for spectral states in black hole systems were used.
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Fig. 22.— The observed BAT fluxes when the H-S transitions occurred and the corresponding
ASM peak fluxes of the following soft states. Data connected with a straight line were taken
from previous studies of Aql X-1 (Yu & Dolence 2007), GX 339-4 (Yu et al. 2007), and XTE
J1550-564 (Yu, van der Klis & Fender 2004) with pointed observations, respectively.
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Fig. 23.— The correlation between the transition luminosity (15–50 keV, ergs/s) and the
corresponding peak luminosity of the following soft state (2–12 keV, ergs/s). The luminosities
were estimated based on the X-ray energy spectrum of the Crab (Kirsth et al. 2005). Data
connected with a solid line were from previous studies with pointed observations of single
sources, see Fig. 22.
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Fig. 24.— The correlation between the transition luminosity (15–50 keV) and the peak
luminosity of the following soft state (2–12 keV) in Eddington units. Source distances and
masses used are listed in Table 1. Data point for Cygnus X-1 is based on CGRO/BATSE
and RXTE/ASM observations in 1996 (Zhang et al. 1997). Data connected by a solid line
were from previous single source studies, as those in Fig. 22. Notice that 2S 0918-549, Cyg
X-1, GRS 1915+105, 4U1820-30, and 4U 1705-44 are at both ends of the correlation with
rather accurate distance estimates, indicating that the luminosity of the H-S transition spans
by two orders of magnitude.
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Fig. 25.— Comparison between the luminosities of the hard-to-soft and the soft-to-hard
transitions associated with the same outbursts or flares. Filled and unfilled symbols represent
those of the hard-to-soft transitions and the soft-to-hard transitions, respectively.
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Fig. 26.— The correlation between the luminosity of the hard-to-soft transition and the
maximum rate-of-increase of the X-ray luminosity around the hard-to-soft transition.
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Fig. 27.— The correlation between the peak luminosity of the soft state and the maximum
rate-of-increase of the X-ray luminosity around the hard-to-soft transition.
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Fig. 28.— A schematic picture of the regimes of the hard state. Two assumed transient out-
bursts of different peak luminosities are shown as solid curve and dashed curve, respectively.
When a source is under stationary accretion, spectral transitions between the hard state and
the soft state occurs at a nearly a constant luminosity L0, as expected from the framework
that the mass accretion rate determines spectral states. When a source is undergoing an
outburst or flare, the hard-to-soft transition occurs at a luminosity above L0. The additional
luminosity roughly proportional to ∆L
∆T
. The soft-to-hard transitions are expected to occur
around L0, but effect of non-stationary accretion may exist as well (see e.g., Smith et al.
2007).
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Table 1. List of the sources with H-S transitions identified and parameters used*
Source Distance Mass H2S S2H References
(kpc) (M⊙)
1A 1742-294 8.0 1.4 3 0 Be´langer et al. (2006)
2S 0918-549 4.1-5.4 1.4 3 0 in’t Zand et al. (2005)
4U 0614+091 3 1.4 2 1 Brandt et al. (1992)
4U 1323-62 10 1.4 3 1 Parmar et al. (1989)
4U 1608-52 4.1±0.4 1.4 3 3 Galloway et al. (2006)
4U 1636-536 6±0.5 1.4 16 8 Galloway et al. (2006)
4U 1702-429 5.46±0.19 1.4 6 4 Galloway et al. (2006)
4U 1705-44 7.4+0.8
−1.1
1.4 5 1 Haberl & Titarchuk (1995)
4U 1728-34 5.2±0.5 1.4 11 7 Galloway et al. (2006)
4U 1820-30 7.6±0.4 1.4 1 0 Kuulkers et al. (2003)
EXO 0748-676 7.4±0.9 1.4 4 1 Galloway et al. (2006); Wolff et al. (2005)
GRS 1724-308 7±2 1.4 3 1 Galloway et al. (2006)
HETE J1900.1-2455 4.7±0.6 1.4 2 1 Galloway et al. (2006)
SAX J1712.6-3739 7 1.4 1 0 Cocchi et al. (2001)
SAX J1747.0-2853 7.5±1.3 1.4 1 0 Werner et al. (2004)
GRO 1655-40 3.2 6.3±0.5 1 1 Greene et al. (2001); Hjellming & Rupen (1995)
GRS 1915+105 11.2-12.5 14±4 2 0 Greiner et al. (2001); Fender et al. (1999); Mirabel & Rodriguez (1994)
GX 339-4 ≥5.6 ≥5.8±0.5 1 1 Hynes et al. (2003); Shahbaz et al. (2001)
XTE J1856+053 unknown unknown 2 0
Cyg X-3 10 unknown 2 0 Dickey (1983)
∗For neutron stars, no accurate mass measurement is known. So 1.4 solar masses were used. For GX 339-4, only lower limits of the
distance and the black hole mass, 5.6 kpc and 5.8 solar masses, are known. These values were used as the actual distance and mass.
